Immune checkpoint inhibition used in combination with standard cisplatin-based chemotherapy regimens is currently under evaluation in clinical trials for head and neck squamous cell carcinoma (HNSCC). The impact of anti-PD-1 therapy on cisplatininduced ototoxicity and nephrotoxicity has not been established. Here we use a murine model of cisplatin-induced hearing loss to investigate the impact of anti-PD-1 immunotherapy on auditory brainstem responses (ABRs), distortion product otoacoustic emissions (DPOAEs), serum creatinine, and hair cell and renal histology. We demonstrate only mild worsening of DPOAEs at 14.4 and 16 kHz as well as a mild increase in serum creatinine. Renal and hair cell histology as well as ABR measures were unchanged by PD-1 inhibition. Thus, our data suggest that the use of PD-1 inhibition in conjunction with cisplatin results in toxicities that are similar to those of cisplatin alone.
A ntibodies targeting programmed cell death 1 (PD-1) immune checkpoint pathways have extended therapeutic options to treat recurrent and metastatic head and neck squamous cell carcinoma (HNSCC). Unfortunately, response rates in clinical trials are low, estimated at 13% to 18%. 1, 2 As most patients will not respond to PD-1 inhibition alone, combination with standard therapies is under exploration in preclinical and clinical studies. 3 Cisplatin chemotherapy has historically been a staple in HNSCC management; thus, it is central to many of these combination therapies 4, 5 (Table 1) . Cisplatin causes ototoxicity and nephrotoxicity in a significant number of patients, 6, 7 and otolaryngologists often see these patients for hearing loss or cancer recurrence due to intolerance of chemoradiotherapy. It is not known how concurrent PD-1 inhibition will affect cisplatin-induced toxicities. However, given that anti-PD-1 therapy may be expected to enhance cisplatin-induced inflammation, we hypothesized that PD-1 blockade might worsen cisplatin-induced toxicities, potentially causing treatment interruptions or affecting posttreatment quality of life. In the current study, we use a murine model of cisplatin-induced ototoxicity to evaluate both ototoxicity and nephrotoxicity in vivo. 8, 9 We show that PD-1 inhibition only mildly affects these cisplatin-induced toxicities.
Materials and Methods

In Vivo Studies
All animal procedures were approved by the National Institute on Deafness and Other Communication Disorders (NIDCD) Animal Care and Use Committee. Forty 10-to 12-week-old CBA/CaJ mice (Jackson Laboratories, Bar Harbor, Maine) underwent hearing testing before and after treatment by recording of auditory brainstem responses (ABRs) and distortion product otoacoustic emissions (DPOAEs) as previously described. 9, 10 Animals were then randomized to treatment with cisplatin (n = 12), treatment with anti-PD-1 (n = 8), treatment with cisplatin and anti-PD-1 (n = 12), or no treatment (n = 8). Cisplatin treatment consisted of 2 treatment cycles of 3.5 mg/ kg/d cisplatin intraperitoneal (IP) for 4 days followed by a 10-day recovery and 1 treatment cycle of 3.5 mg/kg/d cisplatin IP for 3 days followed by an 11-day recovery period for a total of 38.5 mg/kg cisplatin over 6 weeks. Rat anti-mouse PD-1 antibody (BioXCell, West Lebanon, New Hampshire) was administered at 200 mcg twice-weekly IP. Cisplatin-treated animals received fluid and nutritional supplementation as previously described. 10 
Tissue Preparation
Following euthanasia, cochleas were harvested, fixed, decalcified, microdissected, and tonotopically mapped as previously described. 9, 10 Immunohistochemistry was performed using mouse anti-myosin VIIa (1:100; Developmental Studies Hybridoma Bank, Iowa City, Iowa) followed by Alexa Fluor 546 donkey anti-mouse IgG (1:500; Invitrogen, Carlsbad, California). Blood was collected (postmortem only) and analyzed with a creatinine assay kit (ab65340; Abcam, Cambridge, Massachusetts) per manufacturer instructions. Kidneys were processed and stained with hematoxylin and eosin by Histoserv (Germantown, Maryland).
Statistical Analysis
Data were analyzed by 1-or 2-way analysis of variance (ANOVA) with Sidak's multiple comparisons test where appropriate. GraphPad Prism software (GraphPad Software, La Jolla, California) was used for statistical testing. P \ .05 was used to determine statistical significance.
Results
Of 40 mice that underwent baseline ABR and DPOAE testing, 5 animals were euthanized due to weight loss or deconditioning, and 4 succumbed to anesthesia during auditory testing. All control and anti-PD-1-treated animals survived, as did 7 of the 12 cisplatin-only and 8 of the 12 cisplatin 1 anti-PD-1-treated animals. Weight loss did not differ between cisplatin-treated and cisplatin 1 anti-PD-1-treated animals.
Ototoxicity was assessed functionally via ABR and DPOAE measures and histologically via hair cell counts (Figure 1) . Anti-PD-1 treatment alone did not result in ototoxicity relative to room controls. The 38.5-mg/kg cisplatin regimen alone produced a robust hearing loss, most severe in high frequencies. Administration of anti-PD-1 antibody in combination with cisplatin resulted in statistically significant reduction of DPOAE amplitudes at 14.4 and 16 kHz vs cisplatin alone ( Figure 1A,B) . Differences in ABR threshold shifts ( Figure 1C ) and hair cell counts ( Figure 1D ,E) did not reach statistical significance. These data indicate that cisplatin results in severe hearing loss and that anti-PD-1 resulted in very minor worsening of cisplatin-induced hearing loss in this model. Serum creatinine and kidney histology were used to evaluate nephrotoxicity. Cisplatin or anti-PD-1 treatment alone did not affect serum creatinine. Combination therapy resulted in a slight but statistically significant increase in mean serum creatinine level (Figure 2A) . None of the mice demonstrated obvious renal pathology on examination of histologic sections ( Figure 2B) , suggesting that any nephrotoxicity in this murine model was mild or had largely recovered by this time point.
Discussion
An expanding body of evidence suggests that use of cisplatin in combination with immune checkpoint inhibitors may provide antineoplastic benefits beyond the use of these agents individually. 11, 12 Data from our study suggest that PD-1 inhibitors minimally affect cisplatin-induced toxicities. While the clinical relevance and mechanisms of such minor changes remain unknown, this information is pertinent, as clinical trials investigating these combinations for HNSCC are already under way. Otolaryngologists are likely to see increasing numbers of patients treated with chemoimmunotherapy in the future and should monitor such patients for hearing loss and other toxicities.
This study has several limitations, including mortality secondary to the cisplatin regimen and anesthesia. Toxicity analysis was limited to animals that tolerated the full regimen, and nephrotoxicity may have contributed directly to mortality. There was also a 3-week delay between the final cisplatin dose and postmortem serum collection. As such, the data may only reflect subacute renal toxicity. We speculate that the minor increase in serum creatinine seen in animals receiving combination therapy may reflect a more prolonged recovery from acute nephrotoxicity vs animals treated with cisplatin alone.
Conclusion
Data from a murine model suggest that cisplatin-induced ototoxicity and nephrotoxicity are only minimally affected by PD-1 inhibition. The clinical significance of these findings remains to be determined, and careful monitoring of cisplatin toxicities is warranted.
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